The study's purpose was to assess whether individuals who developed a second malignant neoplasm (SMN) after treatment for a first malignant neoplasm (FMN) had a lower ability to repair DNA double-strand breaks (DSBs) using a bioassay with γH2AX intensity as a surrogate endpoint. In a case-control study nested in a cohort of childhood cancer survivors, lymphoblastoid cell lines (LCLs) were established from blood samples collected from 94 cases (SMN) and 94 matched controls (FMN). LCLs were irradiated with ionizing radiation (2 and 5 Gy) and γH2AX intensities measured 1, 3, 5 and 24 h post-irradiation. Differences in mean γH2AX intensity between cases and controls were compared using Kruskal-Wallis tests. Generalized linear models for repeated measures and conditional logistic regressions for SMN risk estimates were performed. The mean baseline γH2AX intensity measured without irradiation was 9.1 [95% confidence interval (95% CI): 8.5-9.7] in the LCLs from cases and 6.4 (95% CI: 6.0-6.8) from controls (P < 0.001). Markedly higher γH2AX intensity, particularly at 1 h post-irradiation, was also found in the LCLs from the cases compared with the controls for all FMNs and for different types of FMN. Chemotherapy and radiation doses received by bone marrow and thymus for FMN treatment showed a non-significant effect on γH2AX intensity. This casecontrol study shows that higher baseline and post-irradiation levels of DNA DSBs, as measured by γH2AX intensity, are associated with the risk of SMN in childhood cancer survivors. Further investigations in a prospective setting are warranted to confirm this association.
Introduction
Second malignant neoplasms (SMNs) are among the most serious late effects of chemotherapy and radiotherapy and are of increasing concern after childhood cancer where 5 year survival rates are now approaching 80% (1) (2) (3) (4) (5) (6) . Identifying those individuals who are at risk of developing these adverse effects and the development of biomarkers and bioassays that will predict responses to therapy is a major challenge. Cells respond to the DNA damage produced by chemotherapeutic drugs and radiotherapy, as for other DNA damaging agents, by the activation of multiple signalling pathways that allow the efficient and accurate repair of lesions with an impact on genome stability. DNA double-strand breaks (DSBs) are the most deleterious of all DNA lesions generated either directly following exposure to ionizing radiation or indirectly, for instance through the processing of other DNA lesions. In cells, specific protein signalling networks sense DSBs, arrest the cell cycle and activate the DSB DNA repair pathways (7) . As part of this DNA damage response to the presence of DNA DSBs, the histone protein H2AX is rapidly phosphorylated by members of the phosphatidylinositol-3-kinase-related kinase (PIKK) family that includes the Ataxia-telangiectasia mutated kinase on serine 139 forming γH2AX. This post-translational modification can be detected by a number of immunological approaches (8, 9) . The kinetics of γH2AX foci formation and persistence with time can be measured after the in vitro irradiation of biological samples and under certain experimental conditions correlates with DNA DSB repair. Indeed this bioassay provides a sensitive surrogate marker of DSB repair capacity in human cells that has been validated in many settings (10) (11) (12) . In addition, it has been shown that the biphasic kinetics of γH2AX loss found in DNA DSB repair competent cells irradiated in vitro under non-cycling conditions reflects the repair of DSBs in the euchromatin and heterochromatin compartments of the DNA and requires the activity of different panels of DNA repair proteins (13) . Thus, changes in the profiles of the repair kinetics of γH2AX with time, such as those observed in cells from individuals with the genetic syndrome Ataxiatelangiectasia, can be considered as indicative of deficiencies in the activities of the associated proteins (14) .
In the present case-control study nested in a cohort of childhood cancer survivors, we tested whether individuals who developed a SMN after treatment for a first malignant neoplasm (FMN) had a lower ability to repair DSBs than those that did not develop a SMN using as an endpoint γH2AX formation and persistence in lymphoblastoid cell lines (LCLs) established from the study participants. Our findings may help in monitoring the health of childhood cancer survivors and to minimize toxicity in newly treated patients.
Materials and methods
Patients A retrospective cohort of 3745 patients treated in five French centres between 1942 and 1986 for a solid cancer or a lymphoma that had occurred between the ages of 0 and 16 years, and who had survived at least 2 years, was constituted (15) . Cases were defined as patients who developed a SMN, excluding non-melanoma skin cancer, at least 2 years after the diagnosis of the FMN. FMNs were grouped according to the International Classification of Childhood Cancer (16), whereas SMNs were classified according to the International Classification of the Diseases for Oncology (17) . All FMNs and SMNs were histologically confirmed. For each SMN case, we randomly selected one control matched for sex, age at FMN (±1 year up to 3 years), site of FMN and duration of follow-up. The cut-off date was November, 2008. The follow-up period of each control had to be at least as long as the study period of the matched patient case, which was defined as the time between the diagnosis of FMN and the onset of SMN. All controls had to be alive at the time of matching. The median follow-up time from childhood cancer diagnosis was 24 years (25th-75th percentile: 19-38 years). All treatments administered for initial treatment or for recurrences of the FMN during the study period were recorded. The cumulative dose of antitumour drugs administered and the absorbed doses of radiotherapy to 188 anatomic sites were estimated for each patient of the cohort (Supplementary material, available at Carcinogenesis Online) (18, 19) .
Within the cohort, a total of 249 patients were identified with a SMN diagnosed during the follow-up period. Of these patients, 126 (51%) were alive on 31 December 1996 and were invited to participate in the study. Written informed consent was provided to collect a blood sample. The study received approval from the Comité de Protection des Personnes Ile-de France VII, ethics committee. Four patient cases (3%) refused to participate, 7 (6%) died before blood collection, 15 (9%) did not return their consent form and 100 (88%) agreed to Abbreviations: CI, confidence interval; DSB, double-strand break; FMN, first malignant neoplasm; LCL, lymphoblastoid cell line; SMN, second malignant neoplasm.
participate. We excluded one patient because he underwent an allograft and five patients who could not be matched with any controls. With respect to the control population, all individuals selected for matching agreed to participate; thus, the final study population was comprised of 94 SMN cases and 94 matched controls.
Biological analysis
Cell line and culture conditions. Collected blood samples from cases and controls were processed to isolate lymphocytes and LCLs were established by Epstein-Barr virus infection by the GENETHON (Evry, France). All stored samples were successfully transformed by January 2011 and each cell line was cryopreserved (the delay between infection and cryopreservation was 2 months). Study samples were shipped in dry ice shippers to the study laboratories and tracked by a unique ID code. LCLs were subsequently cultured at 37°C under 5% CO 2 , in RPMI1640 medium with glutamax (Gibco, Invitrogen Corporation, Cergy-Pontoise, France), supplemented with 15% heat-inactivated fetal bovine serum (Gibco) and penicillin/streptomycin (100 µg/ml; Gibco). All LCLs were coded and handled without knowledge of their case or control status. Irradiation. Plateau phase cells were diluted to 10 6 cells/ml immediately before treatment and were irradiated in a T25 flasks, at room temperature, using a 137 Cs gamma irradiation source IBL637 (CisBio, International, France) at 1.45 Gy/min for appropriate times to give total exposure doses of 2 or 5 Gy. Cells were returned to the incubator and aliquots corresponding to 0.5 × 10 6 cells per dose per timepoint) were rehydrated for 10 min in phosphate-buffered saline, centrifuged and resuspended in 50 µl of mouse monoclonal anti-phospho-histone H2AX-FITC antibody (1 µg/ml; Euromedex/Upstate Biotechnology) in phosphate-buffered saline/3% bovine serum albumin. Samples were incubated for 3 h at 4°C and then 50 000 cells per sample were analyzed by FACS -Calibur (BectonDickinson) to assess the radiation-induced γH2AX intensities as determined by the relative γH2AX fluorescence intensities, i.e. differences between the mean fluorescence of unirradiated and irradiated cells. This methodology was derived from that reported earlier (20) (21) (22) . Cellular debris was excluded from the analysis by gating a forward scatter versus side scatter plot. Analysis of flow cytometry data was conducted using the Cellquest software (Becton Dickinson Biosciences). All samples were handled blind to their case/control status. For each cell line, the experimental plan included three independent experiments (each defined by the full dose and time course, i.e. 2 and 5 Gy treatment doses and γH2AX analysis 1, 3, 5 and 24 h post-irradiation). Complete sets of experiments were excluded if they were outliers and additional experiments were performed in replacement. Mean γH2AX intensity was calculated at each radiation dose and timepoint for each cell line and then for all cell lines from cases or controls.
Statistical analysis
For each LCL and for each replicate, γH2AX intensity was measured without irradiation to define baseline γH2AX intensity. To determine the variation of γH2AX intensity at different times and doses, we performed the following calculation to take into account the baseline intensity:
Corrected intensity of H2AX Intensity of H2AX after irr
γH2AX intensities among cases and controls were compared at each timepoint (1, 3, 5 and 24 h after irradiation) and at each dose (2 and 5 Gy) using Kruskal-Wallis tests. Generalized linear models for repeated measurements were performed. A total of eight dependent variables were defined for each LCL according to radiation doses and time-points used for γH2AX intensity measurements (Table I) .
Conditional logistic regressions were performed using the PH-REG procedure to estimate the effect of γH2AX intensity at each time and each dose on the risk of SMN (23) . Multivariate models were performed including chemotherapy and bone marrow and thymic radiation doses (categorized into tertiles based on the distribution among controls treated by radiotherapy). Clustered regression models for aggregated data were performed to take into account the lack of independence between the different measures of a same cell line. A marginal approach, using robust estimates 'sandwich' variance, was used (24) . Ninety-five percent confidence intervals (95% CIs) for parameters were estimated using maximum likelihood methods. Analyses were performed with SAS software, version 9.3. All tests were two sided. Statistical significance was established at P <0.05.
Results

Patient characteristics
Fifty-six percent of cases and controls were females and the median age at diagnosis of FMN was 7 years (range: 0-16) ( Table II) . The FMN was more frequently diagnosed in the more recent years of the study among cases than among controls (47 versus 25% in 1980-86) and cases were more often treated with both radiotherapy and chemotherapy than controls (76 versus 51%). There was no significant difference in radiation doses delivered to bone marrow and thymus between cases and controls. Among cases, the median interval between FMN diagnosis and SMN occurrence was 19.0 years (range: 2-49).
Baseline γH2AX intensity
The mean baseline γH2AX intensity measured without irradiation was significantly higher, indicative of higher constitutive levels of DNA damage, in LCLs established from cases than in those from controls (9.1, 95% CI: 8.5-9.7 and 6.4, 95% CI: 6.0-6.8, respectively, P < 0.001; Supplementary Figure S1 , available at Carcinogenesis Online).
γH2AX intensity induced after irradiation in LCLs from cases and controls
A radiation dose-dependent increase in γH2AX intensity followed by a decrease as a function of time reflecting the formation and subsequent repair of DNA DSBs was evident in all the LCLs treated in vitro with ionizing radiation (Supplementary Figure S2 , available at Carcinogenesis Online). Overall, the average value of γH2AX intensity in LCLs established from cases was significantly higher than in those from controls for each radiation dose (P < 0.001; Supplementary Table S1, available at Carcinogenesis Online, and Figure 1a and 1b) . These results would suggest that residual levels of DNA DSBs post-irradiation are consistently higher in the LCLs established from the SMN cases that the matched controls. However, although statistically significant differences in the absolute levels of γH2AX between the cases and controls were seen, the trends of decrease of DSB repair with time were similar for SMN cases and controls (Figure 1a and 1b) .
In the group of patients with a lymphoma as the FMN, the average value of γH2AX intensity in the LCLs established from individuals who subsequently developed a SMN was significantly higher than that seen in their matched controls after irradiation with 2 or 5 Gy at all-time points, except 24 h after treatment with 2 Gy (Supplementary Table S2 , available at Carcinogenesis Online). For patients with a sarcoma as the FMN, the average value of γH2AX intensity was significantly higher in the LCLs from the cases than the matched controls after irradiation at all-time points and for both in vitro irradiation doses. The LCLs established from the cases treated for a nephroblastoma as the FMN had a higher γH2AX intensity after in vitro irradiation with 2 Gy compared with their matched controls at all-time points except after 24 h where the γH2AX levels were indistinguishable between cases and controls. After 5 Gy irradiation, the γH2AX profile was similar to that observed after 2 Gy, except that 1 and 3 h post-irradiation, the differences were of borderline significance. Finally, LCLs established from cases treated for a neuroblastoma or a brain tumour during childhood only had higher γH2AX intensity than their controls 1 or 3 h post-irradiation with 2 Gy and 5 h post-irradiation with 5 Gy (Supplementary  Table S2 , available at Carcinogenesis Online). We used a generalized linear model for repeated measurements to explain γH2AX intensity as a function of SMN status and variables related to FMN treatment. This analysis revealed a significant difference in the overall γH2AX intensity between cases and controls (P < 0.001, Supplementary Table S3, available at Carcinogenesis Online). Doses received by bone marrow or thymus, and chemotherapy received for FMN treatment, had a non-significant effect (P > 0.1) on the overall γH2AX intensity.
Using stepwise conditional logistic regression, we found that the level of γH2AX intensity 1 h after 2 Gy irradiation (Y1 variable) was particularly associated with an increased risk of SMN [odd ratio = 1.4, 95% CI: 1.2-1.6 for each unit of Y1, data not shown]. When γH2AX intensity was dichotomized by the median value in the LCLs from the controls, a statistically significant increased risk of SMN, adjusted on chemotherapy and radiation doses received by thymus and bone marrow for FMN treatment, was associated with the high class of γH2AX at 1 h after 2 Gy (Y1) and 5 Gy (Y5) irradiation doses (odd ratio = 4.6, 95% CI: 1.7-12.8 and odd ratio = 3.0, 95% CI: 1.3-7.0, respectively) (Table III) . These results remained stable by using a clustered regression model for aggregated data (data not shown).
Discussion
Using LCLs established from a nested case-control study among a cohort of childhood cancer survivors, we have observed that higher basal and post-irradiation levels of DNA DSBs, assessed using γH2AX intensity as a surrogate endpoint, are associated with the risk of the development of a SMN. The γH2AX bioassay, that measures the formation and persistence of this modified histone generated in response to the presence of DNA DSBs, was chosen as it has been shown to be a reliable measure of DNA DSB repair and is a relatively rapid and technically simple bioassay from which results can be provided quickly for clinical purposes (20, 21) . Additionally, its specificity and sensitivity for detecting small numbers of DSBs supports its use as a biomarker of genomic instability and genotoxicity (25) . Considering the recent development of this bioassay, its application in molecular epidemiological studies, while increasing, is still novel and most published studies have been based on small sample sizes, generally 30 subjects or less (25) . In this present study, we chose to use immune-coupled fluorescence-activated cell sorting analysis to quantitate total γH2AX intensities using fluorescence intensity in the cells as a read-out. This may be considered as a limitation of the study as other techniques such as immunofluorescence microscopy, which can allow the number and size of γH2AX foci to be determined as well as the type of staining, e.g. pan-staining, background staining, can bring a more detailed insight into this DNA damage response. However, as the study design involved several thousands of measurements, this was not a feasible option but it will be interesting to use such techniques now to analyse in depth the differences seen. Other limitations of the study include its retrospective nature and the potential biases that may be introduced because of the requirement for the individuals to be still alive at the time of sample collection.
The strengths of our study include a relatively large series of biological samples from SMN cases and matched controls from the same cohort with long follow-up and the multiple time-points (before and after exposure to radiation) for γH2AX assessment. The observed higher baseline γH2AX level in LCLs from cases than in those from controls suggests a reduced ability to process DNA DSBs in the former group. Although this is clearly indicative of a defect in DSB repair, it has to be noted that γH2AX can be formed in growing cells during many cellular processes, including DNA replication, cellular senescence and exposure to endogenous reactive oxygen species (26) , and any interpretation of results of γH2AX levels, in particular obtained from cells in culture, has to be made with taking this into consideration. In addition to the significant baseline difference between individuals that develop or not a SMN, we also found a significant relationship between the persistence of γH2AX produced by the in vitro exposure to ionizing radiation and the SMN status with a markedly higher postirradiation intensity of γH2AX in the LCLs from the cases than in those from the controls. As each cell line was analysed three times and the experiments were carried out over a period of over 2 years, with the scientist carrying out the fluorescence-activated cell sorting analysis to measure γH2AX intensity blind to the case-control status of the samples being analysed, we do not believe that this is a chance finding but an inherent characteristic of the two sets of LCLs.
In all the LCLs, irrespective of the FMN site, the DSB repair, as assessed by the loss of γH2AX staining, showed the typical biphasic profile with time seen in human cells with a fast DSB repair component over the first 4-6 h post-irradiation corresponding predominantly to repair in euchromatin with a low chromatin complexity, followed by a slow DSB repair component (>8 h) corresponding to repair in heterochromatic regions of high chromatin complexity (27) . The latter repair requires the Ataxia telangiectasia mutated protein and the heterochromatin factor KAP-1 (27, 28) . The time trends for the decrease in γH2AX intensity appeared similar for SMN cases and controls. The differences, particularly at early time-points post-irradiation, may in part be driven by the higher level of ionizing radiation-induced γH2AX 1 h post-irradiation which was the most important value in the model to explain the probability of an individual having a SMN or not after a FMN. This finding is of importance for both experimental and clinical oncology as it provides evidence that the γH2AX assay may be able to 'predict' the occurrence of SMN in patients treated for a FMN.
The feasibility of measuring the formation and persistence of γH2AX has been reported in a few small studies, often limited in their statistical power by small sample sizes, that have either been investigating whether genetic factors can influence DNA repair capacity or if altered DNA damage processing is associated with radiation sensitivity or cancer risk. For instance, non-significant differences in the mean values of DNA damage, before in vitro irradiation or after repair of radiation-induced damage, were found in lymphocytes cells from a series of 25 BRCAI heterozygote mutation carriers and 25 non-carriers (29) , suggesting that the presence of one functional BRCA1 allele among mutation carriers may be sufficient to maintain DNA repair to an adequate level. In another study including 11 gynaecological patients with severe reactions and 18 patients without severe reactions to radiation therapy (30) , the scoring of γH2AX foci after in vitro irradiation lymphocytes cells was found not to be predictive for late radiotoxicity. In contrast, Porcedda et al. (31) were able to identify Ataxia-telangiectasia heterozygotes in a human population by using flow cytometry and γH2AX staining, and in another series of 23 children with tumours and 24 age-matched healthy children, significant differences in DSB repair capacity were observed between cases and controls 8 h after the in vitro irradiation (2 Gy) of whole blood samples assessed by γH2AX foci formation (32) . More recently, higher levels of ionizing radiation-induced γH2AX were reported to be associated with an increased risk for lung cancer based on measurements 1 h after the in vitro exposure (2.5 Gy) of whole blood from 306 lung cancer cases compared with 306 controls (33) .
At the present time, no standard functional test can be applied routinely to predict SMN risk. This study shows that higher basal and post-irradiation DSB levels are associated with risk of SMN in childhood cancer survivors. The mechanistic basis underlying this observation and how it relates to increased second cancer risk needs further investigation. Ionizing radiation induces hyper-recombination in mammalian cells (34) and an early radiation-induced hyper-recombination phenomenon may be consistent with the data presented here. Alternatively, the different levels of γH2AX may reflect the differential expression of the DNA repair enzymes between the cases and controls. Such a difference has been recently reported between prostate cancer patients who showed or not late normal tissue radiation toxicity (35) . Clearly additional studies using endpoints that could assess these possibilities are necessary together with further investigations in a prospective setting to confirm the association and also the ability to predict the patient's long-term status by determining the γH2AX intensity at 1 h after the cells' in vitro irradiation with relative moderate radiation doses.
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